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Objectives This study was conducted to evaluate the correlation between stress test results and coronary computed tomog-
raphy angiography (CCTA) findings and comparative diagnostic performance of the 2 modalities in patients un-
dergoing invasive coronary angiography (ICA).
Background Recent data suggest that only a third of patients undergoing ICA have obstructive coronary artery disease (CAD);
accurate pre-ICA risk stratification is needed.
Methods At 47 centers participating in the ACIC (Advanced Cardiovascular Imaging Consortium) in Michigan, patients without
known CAD who were undergoing CCTA within 3 months of a stress test were studied. Demographics, risk factors,
symptoms, and stress test results were correlated with obstructive CAD (50% stenosis) on CCTA and ICA.
Results Among 6,198 patients (age 56  12 years, 48% men), 50% stenosis was seen in 1,158 (18.7%) on CCTA. Indepen-
dent predictors included male sex (odds ratio [OR]: 2.37, 95% confidence interval [CI]: 1.83 to 3.06), current smoking
(OR: 2.23, 95% CI: 1.57 to 3.17), older age (OR per 10-year increment: 2.14, 95% CI: 1.89 to 2.41), hypertension (OR:
1.8, 95% CI: 1.37 to 2.34), and typical angina (OR: 1.48, 95% CI: 1.03 to 2.12). Stress test results were not predic-
tive. Among patients undergoing ICA (n  621), there was a strong correlation of ICA with CCTA findings (OR: 9.09,
95% CI: 5.57 to 14.8, p  0.001), but not stress results (OR: 0.79, 95% CI: 0.56 to 1.11, p  0.17).
Conclusions Stress test findings did not predict obstructive CAD on CCTA, observed in 20% of patients in this large study group.
The strong association of CCTA with ICA suggests that it may serve as an effective “gatekeeper” to invasive testing in
patients needing adjudication of stress test results. (Advanced Cardiovascular Imaging Consortium: A Collaborative
Quality Improvement Project [ACIC]; NCT00640068) (J Am Coll Cardiol 2012;59:688–95) © 2012 by the American
College of Cardiology Foundation
Published by Elsevier Inc. doi:10.1016/j.jacc.2011.10.886Coronary artery disease (CAD) results in more than half of
all cardiovascular deaths in the United States and remains
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With an increasing population at risk for CAD, healthcare
systems are under financial pressure to deliver cost-effective
diagnosis and risk stratification. Potential concerns about
incorrect diagnosis including adverse clinical events and/or
inappropriate testing or therapy have led to over-utilization
of cardiovascular imaging and increased healthcare costs
over the last decade (2,3).
See page 696
As many as 10% of stress imaging studies are considered
inconclusive, many leading to subsequent invasive coronary
angiography (ICA) for definitive diagnosis, often with
negative results (4,5). Recent data from the National Car-
diovascular Data Registry of 400,000 patients demonstrated
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positive stress tests were only moderately associated with
obstructive CAD (odds ratio [OR]: 1.28, 95% confidence
interval [CI]: 1.19 to 1.37) (6). Thus, strategies for risk
stratification and patient selection for ICA need improvement.
Coronary computed tomography angiography (CCTA)
has demonstrated excellent accuracy for defining the pres-
ence and severity of luminal coronary artery stenoses and
can identify persons at risk for all-cause mortality (7,8).
Thus, CCTA may be useful in determining the need for
ICA, particularly in patients with inconclusive stress tests
(9). The purpose of this study was to evaluate the relation-
ship between clinical assessment, stress test results, and extent
of CAD on CCTA in a large statewide registry. We also
studied comparative diagnostic performance of these noninva-
sive modalities in patients undergoing subsequent ICA.
Methods
Study population. We studied patients prospectively en-
rolled in a statewide CCTA registry, the ACIC (Advanced
Cardiovascular Imaging Consortium) (10). The ACIC is a
collaborative quality improvement initiative sponsored by
the Blue Cross/Blue Shield/Blue Care Network of Michi-
gan and currently includes 47 hospitals and out-patient
imaging centers. It is approved by institutional review
boards at participating centers and includes a waiver of
consent. Patients with no known CAD undergoing CCTA
within 3 months after stress testing were included. The
study population was divided into 3 groups according to
stress test results, namely, normal, equivocal, or abnormal;
and the groups were compared for demographics, symp-
toms, coronary risk factors, and extent and severity of CAD
on CCTA.
Data collected for ACIC includes demographics, clinical
risk factors, symptoms, results of prior testing, and medical
history elicited by research coordinators using a structured
patient interview as well as office and hospital medical
records. Chest pain is classified as typical, atypical, or
noncardiac on the basis of 3, 2, or 1 of the following,
respectively: substernal chest discomfort, aggravation with
exertion, and alleviation with rest and/or sublingual nitro-
glycerin (11). Additional symptoms such as dyspnea are
noted. Pre-test CAD likelihood is classified as low (10%),
intermediate (10% to 90%), or high (90%) on the basis of
American College of Cardiology/American Heart Associa-
tion criteria (11). For the purpose of this analysis, a
modified Framingham Risk Score (FRS) was calculated
with a moderate score (i.e., 1 point) imputed for a history of
dyslipidemia or the use of lipid-lowering medications and
hypertension or use of antihypertensive medications.
CCTA scan protocol and image interpretation. The
CCTA was performed on various types of scanners available
at each institution, ranging from 64- to 128-slice scanners,
with scan techniques dictated by standard clinical protocols
at each site, as described elsewhere (10). Interpretation ofthe CCTA was performed at
each institution by cardiologists
and/or radiologists with level II
(or higher) training. Coronary
stenoses were evaluated using a
16-segment model. For this
analysis, the following categories
were used: no stenosis, 50%
stenosis, and 50% stenosis.
Obstructive CAD was defined as
coronary stenosis50%. For dis-
tribution of obstructive CAD,
major epicardial vessels (left
main, proximal, and mid seg-
ments of the left anterior de-
scending, left circumflex, and
right coronary arteries, first and
second diagonal and obtuse mar-
ginal branches) demonstrating
50% stenoses were evaluated.
Stress testing results. Stress
tests included treadmill exercise
testing (TMET), stress echocar-
diography (SE), and myocardial perfusion imaging (MPI)
with single-photon emission computed tomography
(SPECT). Referring physicians reported stress test results as
normal, equivocal/nondiagnostic, or abnormal.
Invasive coronary angiography. The ICA results within
90 days of the CCTA were collected by chart review, and
included location and degree of CAD severity as reported by
the performing physician.
Statistical analysis. Categorical variables were examined
using Pearson’s chi-square or Fisher’s exact tests, and are
reported as counts and percent frequencies. Continuous
variables were examined using nonparametric Kruskal-
Wallis tests or analysis of variance, depending on the
distribution of the data, and are reported as mean  SD or
medians where appropriate. A p value 0.05 was consid-
ered statistically significant. All tests were 2-sided.
Multivariable logistic-regression analysis was performed
to identify factors associated with obstructive CAD from
among baseline clinical variables. The Wald chi-square test
was used to determine significant predictors of 50%. To
understand the relative value of the factors in predicting
obstructive CAD, 4 separate models were constructed: the
first included the FRS alone (to predict risk in the absence
of symptoms), and subsequently added other clinical factors
(second model), followed by pre-test CAD likelihood (third
model), and finally, stress test results (fourth model); in
patients undergoing ICA, a fifth model was constructed by
adding CCTA results. The predictive value of each model is
represented by the C-statistic, the nonparametric estimate
of the area under the receiver-operating characteristic curve.
We tested whether the C-statistics for different models were
significantly different from the first model that included the
Abbreviations
and Acronyms
CAD  coronary artery
disease
CCTA  coronary
computed tomography
angiography
CI  confidence interval
FRS  Framingham Risk
Score
ICA  invasive coronary
angiography
MPI  myocardial perfusion
imaging
OR  odds ratio
SE  stress
echocardiography
SPECT  single-photon
emission computed
tomography
TMET  treadmill exercise
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all models. All statistical analyses were performed using the
SAS software (version 9.1.3, SAS Institute, Cary, North
Carolina).
Results
Study population. Between July 2007 and September
2010, 22,551 patients at 47 sites underwent CCTA (Fig. 1).
The final study group included 6,198 patients without
known CAD and with stress testing within preceding 3
months, representing 27.5% of all patients. Stress tests
included MPI in 4,037 (65.1%), SE in 1,581 (25.55%), and
TMET in 580 (9.45%).
Patient characteristics are presented in Table 1. Of the
6,198 patients, 1,548 (24.9%) had normal, 1,027 (16.6%)
had equivocal, and 3,623 (58.5%) had abnormal stress tests.
Patients with abnormal stress tests had higher mean FRS
(p  0.0001), higher mean body mass index (p  0.0001),
and higher frequencies of diabetes mellitus (p  0.0002)
nd hypertension (p  0.0003).
ymptoms and indications before CCTA. The majority
f patients (5,118, 82.6%) had symptoms suggestive of
schemia; those with normal stress test results had the
ighest frequency of symptoms suggestive of CAD, whereas
hose with abnormal stress tests had the lowest (p 0.0001)
Table 1). Indication for CCTA in the remaining (1,080,
7.4%) was cardiac risk factors.
Figure 1 Study Population and Distribution of Stress Test Resu
Derivation of the study population from the ACIC (Advanced Cardiovascular Imaging Co
CAD  coronary artery disease; CCTA  coronary computed tomography angiography.elationship between symptoms, stress test results, and
CTA findings. Obstructive CAD (50% stenosis) was
dentified in 1,158 (18.7%) of all 6,198 patients in the study
roup. The remaining 5,040 (81.3%) had normal coronary
rteries or nonobstructive CAD. Patients with normal stress
ests had a higher frequency of normal coronary arteries,
hereas patients with equivocal or abnormal stress tests had
igher frequencies of50% stenosis and 2-vessel or 3-vessel
isease (p  0.021) (Table 1, Fig. 2).
Of the entire group, 1,080 (17.45%) patients were asymp-
omatic, including 847 (78.4%) with abnormal, 131 (12.1%)
ith equivocal, and 102 (9.4%) with normal stress tests
Table 2). Asymptomatic patients were older, more often
ale, and had higher frequencies of hypertension and
yperlipidemia, with higher FRS compared with symptom-
tic patients. They also had a higher burden of CAD on
CTA (50% as well as 50% stenoses) and lower
requency of normal coronary arteries (p 0.0001). Normal
oronary arteries or nonobstructive CAD were noted in
7.1% of asymptomatic patients and 82.2% of symptomatic
atients (p  0.0001).
redictors of obstructive coronary artery disease. Inde-
endent predictors of obstructive CAD on CCTA included
ale sex, current smoking, older age (10-year increments),
ypertension, and typical angina (Table 3). Stress test result
as not independently associated with obstructive CAD
fter other factors were included in the model.
um) into the stress test result groups: normal, equivocal, and abnormal.lts
nsorti
st and
raphy a
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results of 4 separate models for the prediction of 50%
stenosis on CCTA are shown in Figure 3A. The first
included only the FRS (C-statistic 0.73, 95% CI: 0.71 to
0.74). In the second model, risk factors not included in the
FRS (history of peripheral vascular disease, cerebrovascular
Patient CharacteristicsTable 1 Patient Characteristics
Characteristics
Normal
(n  1,54
Age, yrs 54 13
Male 738 (48%
Body mass index, kg/m2 29.4 6.0
Sedentary 526 (34%
Family history of premature CAD 681 (44%
Diabetes mellitus 187 (12%
Hypertension 782 (51%
Hyperlipidemia 851 (55%
Smoker
Former 406 (26.2
Current 217 (13.9
Peripheral vascular disease 28 (1.8%
Cerebrovascular disease 34 (2.3%
Chronic obstructive lung disease 85 (5.6%
Valvular disease 127 (8.2%
Framingham Risk Score
Low 1,046 (67.6
Intermediate 457 (29.5
High 49 (2.9%
Symptoms suggestive of CAD 1,446 (93.4
Asymptomatic 102 (6.6%
Typical chest pain 279 (18%
Atypical chest pain 960 (62%
Noncardiac chest pain 127 (8.2%
Dyspnea 836 (54%
Pre-test CAD likelihood
Low 43 (2.8%
Intermediate 1,416 (91.5
High 88 (5.7%
Type of stress test
Nuclear 909 (58.7
Stress ECG 192 (12.4
Stress echocardiography 447 (28.9
CCTA referral type
In-patient 138 (8.9%
Emergency center 144 (9.3%
Out-patient 1,264 (81.8
CAD severity
Normal coronary arteries, 0% stenosis 787 (50.8
50% stenosis 524 (33.9
50% stenosis 237 (15.3
CAD distribution*
1 vessel 158 (10.2
2 vessels 41 (2.7%
3 vessels 20 (1.3%
Values are mean  SD, n (%), or mean  SD (median). *50% steno
left anterior descending, left circumflex and right coronary arteries, fir
CAD  coronary artery disease; CCTA  coronary computed tomogdisease, and chronic obstructive lung disease) were added,with no increase in the C-statistic, which remained at 0.73
(95% CI: 0.71 to 0.74, p  0.536). No significant increase
was noted with the addition of pre-test CAD likelihood
(C-statistic 0.73, 95% CI: 0.72 to 0.75, p  0.061) in the
third model. Finally, addition of stress test results in the
fourth model had no effect on its predictive ability above
Equivocal
(n  1,027)
Abnormal
(n  3,623) p Value
57 12 58 12 0.0001
470 (46%) 1,776 (49%) 0.16
29.7 5.8 (29) 30.2 6.3 (29) 0.0001
336 (33%) 1,210 (33%) 0.80
421 (41%) 1,231 (34%) 0.0001
146 (14%) 597 (17%) 0.0002
561 (55%) 2,056 (57%) 0.0003
647 (63%) 2,138 (59%) 0.0004
0.07
311 (30.3%) 1,007 (27.8%)
149 (14.5%) 485 (13.4%)
22 (2.1%) 80 (2.2%) 0.62
23 (2.3%) 89 (2.5%) 0.81
79 (7.9%) 151 (4.2%) 0.0001
71 (6.9%) 188 (5.2%) 0.0003
0.0001
592 (57.6%) 1,989 (54.9%)
363 (35.3%) 1,355 (37.4%)
73 (7.1%) 283 (7.8%)
896 (87.2%) 2,776 (76.6%) 0.0001
131 (12.8%) 847 (23.4%) 0.0001
144 (14%) 543 (15%) 0.021
627 (61%) 1,739 (48%) 0.0001
78 (7.6%) 294 (8.1%) 0.89
493 (48%) 1,594 (44%) 0.0001
0.0001
43 (4.2%) 217 (6.0%)
946 (92.1%) 3,275 (90.3%)
38 (3.7%) 130 (3.6%)
0.0001
569 (55.4%) 2,559 (70.6%)
70 (6.8%) 318 (8.8%)
388 (37.8%) 746 (20.6%)
0.0001
53 (5.2%) 144 (4.0%)
75 (7.3%) 76 (2.1%)
899 (87.5%) 3,398 (93.9%)
0.021
445 (43.3%) 1,559 (43%)
375 (36.5%) 1,350 (37.3%)
207 (20.2%) 714 (19.7%)
0.021
124 (12.1%) 438 (12.1%)
47 (4.6%) 163 (4.5%)
14 (1.4%) 56 (1.6%)
major epicardial vessel (left main, proximal and mid segments of the
second diagonal, and obtuse marginal branches).
ngiography; ECG  electrocardiography.8)
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RS alone provided the same predictive ability as adding
ther clinical information or stress test results in this
tudy group.
elationship between stress tests and CCTA with
CA. Of the 6,198 patients, 621 (10%) underwent ICA
ithin 90 days. Among them, 230 (59.3%) of 388 with
bnormal stress tests and 150 (64.3%) of 233 patients with
ormal or equivocal stress tests had 50% stenosis on ICA
Table 4). In this population, of all stress test modalities,
bnormal TMET had the highest sensitivity (69.4%), pos-
tive predictive value (PPV) (62.5%), and negative predictive
alue (NPV) (47.6%), whereas SE had the highest specific-
ty (48.9%). The large majority (294 of 388, 76%) (Table 4)
f stress tests were MPI scans. Overall sensitivity, specific-
ty, PPV, and NPV of abnormal stress tests were 60.4%,
4.2%, 59.3%, and 35.2%, respectively. The sensitivity,
pecificity, PPV, and NPV for 50% stenosis on CCTA
ompared with ICA (n  506) were 93.7%, 37.9%, 70.6%,
nd 79.1%, respectively. The association between findings
n CCTA and ICA was significant (OR: 9.085, 95% CI:
.57 to 14.81, p  0.001), whereas that between stress tests
nd ICA was not (OR: 0.79, 95% CI: 0.56 to 1.11, p 
.1707).
An additional multivariable analysis was performed to
valuate the ability of available data to predict 50%
tenosis on ICA (Fig. 3B). The first model included only
he FRS (C-statistic 0.59, 95% CI: 0.55 to 0.64). In the
econd, addition of clinical risk factors not included in the
RS (history of peripheral vascular disease, cerebrovascular
isease, and chronic obstructive lung disease) did not
hange the C-statistic (0.60, 95% CI: 0.55 to 0.65, p 
.489). No further change was noted by addition of pre-test
AD likelihood or stress test results in the third model
C-statistic 0.60, 95% CI: 0.56 to 0.65, p  0.375) and
Figure 2 Relationship Between Stress Test Results and CCTA
Distribution and severity of coronary artery disease as detected by coronary
computed tomography angiography (CCTA) is shown by stress test result
groups: normal (green bars), equivocal (blue bars), and abnormal (gray bars).ourth model (C-statistic 0.62, 95% CI: 0.57 to 0.67, p .168). However, addition of CCTA results in the fifth
odel had the greatest effect on its predictive ability, and it
ad a significantly higher C-statistic (0.69, 95% CI: 0.64 to
.74, p  0.0001) compared with the model with FRS
lone.
Thus, degree of stenosis on CCTA was the strongest
dditional predictor of 50% on ICA beyond FRS, with
tress test results having no incremental value over clinical
ssessment.
Correlation Between Symptoms,Stress Test, and CCTA FindingsTable 2 Correlation Between Symptoms,Stress Test, and CCTA Findings
Asymptomatic
(n  1,080)
Symptomatic
(n  5,118) p Value
Age, yrs 59 11 57 13 0.0001
Male 696 (64.5%) 2,288 (45%) 0.0001
Body mass index, kg/m2 29.5 5.7 (29) 30.0 6.3 (29) 0.024
Sedentary 324 (30%) 1,792 (35%) 0.004
Family history of premature
CAD
378 (35%) 1,945 (38%) 0.04
Diabetes mellitus 172 (16%) 758 (15%) 0.35
Hypertension 618 (58%) 2,781 (55%) 0.09
Hyperlipidemia 659 (61%) 2,968 (58%) 0.03
Smoker 0.11
Former 308 (28.5%) 1,571 (30.7%)
Current 132 (12.3%) 715 (14%)
Peripheral vascular disease 15 (1.4%) 118 (2.3%) 0.09
Cerebrovascular disease 23 (2.1%) 128 (2.5%) 0.42
Chronic obstructive lung
disease
29 (2.7%) 292 (5.7%) 0.0001
Valvular disease 53 (4.9%) 333 (6.5%) 0.05
Framingham Risk Score 0.0001
Low 492 (47.7%) 2,952 (60.8%)
Intermediate 434 (42.1%) 1,631 (33.6%)
High 105 (10.2%) 272 (5.6%)
Type of stress test 0.0007
Nuclear 733 (67.9%) 3,304 (64.6%)
Stress ECG 118 (10.9%) 462 (9.0%)
Stress echocardiography 229 (21.2%) 1,352 (26.4%)
CCTA referral type 0.0001
In-patient 7 (0.75) 328 (6.4%)
Emergency center 3 (0.35) 292 (5.7%)
Out-patient 1,070 (99.1%) 4,491 (87.9%)
Stress test results 0.0001
Normal 102 (9.4%) 1,446 (28.3%)
Equivocal 131 (12.1%) 896 (17.5%)
Abnormal 847 (78.4%) 2,776 (54.2%)
CCTA results 0.0001
Normal 386 (35.7%) 2,405 (47.0%)
Stenosis 50% 447 (41.4%) 1,802 (35.2%)
Stenosis 50% 247 (22.9%) 911 (17.8%)
CAD distribution* 0.0001
1 vessel 135 (12.5%) 585 (11.4%)
2 vessels 64 (5.9%) 187 (3.7%)
3 vessels 28 (2.6%) 62 (1.2%)
Values aremean SD, n (%), or mean SD (median). *50% stenosis in amajor epicardial vessel
(left main, proximal, and mid segments of the left anterior descending, left circumflex, and right
coronary arteries, and first and second diagonal and obtuse marginal branches).
Abbreviations as in Table 1.
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This large study encompassing a wide variety of institutions
that included large academic centers, community hospitals,
and free-standing imaging centers suggests that in low-to-
intermediate risk patients with prior stress tests and no
known CAD, CCTA is being used judiciously and may aid
in reducing rates of normal or nonobstructive findings on
ICA. In the entire study group, stress test results did not
accurately predict CAD on ICA whereas CCTA did. These
findings suggest that physicians selected patients appropri-
ately for a second noninvasive test, and the chosen test,
CCTA, effectively performed its gatekeeper function. The
large majority of the study population, 81.3%, had normal
or nonobstructive CAD on CCTA with limited incremental
value of stress tests to predict obstructive disease. Addition-
ally, in patients undergoing ICA, the accuracy for detection
of 50% stenosis was higher for CCTA than for stress test
results. These findings support prior data indicating that
because CCTA performs well in ruling out significant
CAD, it could be used effectively to determine the need for
ICA. This is of particular importance for patients with
abnormal or equivocal stress tests who may otherwise be
referred to ICA or may undergo prolonged medical therapy
under conditions of diagnostic uncertainty. Ruling out
obstructive CAD in 80% of patients in this study group
suggests that CCTA may obviate the need for ICA in such
patients (9).
The most common stress test used in this study popula-
tion was MPI (65.1%). False-positive and equivocal/
inconclusive MPI scans are known to be the “Achilles heel”
of SPECT imaging; fewer than half of all patients with
abnormal CCTA have a corresponding perfusion abnormal-
ity on SPECT imaging (13,14). Discrepancy between func-
tional and anatomic imaging is well-described in prior
studies of ICA as well (6,15). In the present study, these
disparities were replicated: only 19.7% of patients with
abnormal stress tests had a coronary stenosis 50% on
CCTA, and only 59.3% of patients with abnormal stress
tests had 50% stenosis on ICA, reiterating the utility of
anatomic imaging in these situations (9,16). The accuracy of
the various stress testing modalities in this population was
lower than previously reported. It is likely that artifacts (i.e.,
attenuation artifacts on SPECT or poor imaging windows
on SE) may have resulted in lower accuracy on imaging
stress tests. The lower sensitivities of imaging studies could
Predictors of Obstructive Coronary Artery DiseaseTable 3 Predictors of Obstructive Coronary Artery Disease
Odds Ratio 95% Confidence Interval
Male 2.37 1.833–3.064
Current smoking 2.23 1.574–3.171
Age, 10-yr increment 2.14 1.895–2.411
Hypertension 1.80 1.372–2.342
Typical angina 1.48 1.031–2.121also be attributed to using 50% (and not 70%) stenosison ICA as the reference marker. The TMET displayed the
highest sensitivity (69%) of all stress modalities, nearly
identical to that reported in the literature (17). The lower
specificity of all modalities is likely due to the lower risk
population included in this study. Thus, the figures pre-
sented here demonstrate the exceptionally poor diagnostic
performance of all stress tests in this specific group of
patients referred for CCTA compared with prior studies.
Patients with normal stress test results were more often
symptomatic. Persistence of symptoms with normal stress
tests is an “appropriate” indication for CCTA (19), and the
presence of persistent symptoms in the majority (93%) of
patients with normal stress tests in this study suggests
appropriate referral. Our finding that the strongest predic-
tors of obstructive CAD were clinical risk factors also
supports the referring physicians’ decisions to order CCTA
in spite of normal stress findings. Moreover, although
abnormal stress test is considered an “uncertain” indication
(19), our data demonstrating normal coronaries in the large
majority with abnormal stress tests suggest that CCTA is
Figure 3 Multivariable Models to Predict
Significant CAD on CCTA and ICA
Multivariable models to predict significant (50%) coronary artery disease
(CAD) on (A) coronary computed tomography angiography (CCTA) and (B) inva-
sive coronary angiography (ICA). Model 1 included Framingham Risk Score only.
Clinical risk factors not included in Framingham Risk Score were added in
model 2, presence and type of symptoms were added in model 3, and stress
test results were added in model 4. To predict 50% stenosis on ICA, CCTA
results were added to model 5.
myoc
s
694 Chinnaiyan et al. JACC Vol. 59, No. 7, 2012
Coronary CT Angiography After Stress Testing February 14, 2012:688–95excellent for further evaluation when a false positive stress
test result is suspected on clinical grounds.
Study limitations. Most important, the location and de-
gree of abnormality on stress testing was not available.
Thus, no concrete conclusions could be reached regarding
physiologic and anatomic correlation; any coronary stenosis
50% was considered significant without knowledge of
subtended myocardial perfusion data. Additionally, the
performance of the FRS may be inaccurate because of
imputation of values for lipid levels and blood pressure.
However, this method has been used previously in large
studies based on registry data (6). Moreover, the analysis of
noninvasive test accuracy compared with ICA has several
limitations. There was a significant referral bias because
CCTA and ICA were not performed in a prospectively
pre-specified manner; all studies were performed on clinical
grounds. Moreover, the lack of data on reasons for stress
imaging studies to be nondiagnostic were not available and
may have contributed to their lower accuracy. Furthermore,
the large majority of patients in this study group were of low
risk, raising the question of inappropriate stress test selec-
tion. Additionally, the results are subject to validation bias
as not all patients undergo ICA to confirm “true negative”
scans. However, such bias is unavoidable in such registries.
Last, it is highly likely that patients with “severely” abnor-
mal stress tests were referred directly to ICA, resulting in
the discordance between stress test and CCTA findings
among the remaining patients included in this study. The
demonstration of a correlation between the modalities was
not the primary outcome of this study. Moreover, only
ICAs performed within the institution as the index CCTA
were captured and analyzed as a representative sample.
While data on the impact of CCTA on downstream cardiac
outcomes, cost effectiveness, and long-term clinical out-
comes are urgently needed, these queries were beyond the
scope of this study. Further investigation of this question in
large-scale prospective trials is warranted. This study lacked
the rigors of a randomized controlled study, but represents
what was observed in a real-world clinical setting.
Clinical implications. Despite the study limitations, our
data provide strong evidence that CCTA provides impor-
tant information in patients with prior stress tests. Previous
studies have demonstrated the value of CCTA with prior
stress results, effectively substituting for, or serving as a
Correlation Between Abnormal Stress Tests, CCTA, and Invasive ATable 4 Correlation Between Abnormal Stress Tests, CCTA, an
n ICA >50% Stenosis Sensitivity (%)
Abnormal MPI 294 174 64.7
Abnormal SE 54 31 40.8
Abnormal TMET 40 25 69.4
Abnormal stress test, any 388 230 60.4
CCTA 50% stenosis 506 357 93.7
CCTA  coronary computed tomography angiography; ICA  invasive coronary angiography; MPI 
tress echocardiography; TMET  treadmill exercise testing.“gatekeeper” to, invasive testing (18,19). Nearly 10% ofstress tests performed annually are interpreted as equivocal
or inconclusive, and discordance between clinical presenta-
tion and stress test results increases the proportion in whom
the test data are considered incomplete (9). Although
adjudicating stress test findings is not a class I indication for
ICA by the American College of Cardiology/American
Heart Association guidelines, it is common in clinical
practice. In this circumstance, the low diagnostic yield of
elective ICA is not justified by increased costs and by the
small but definite risk of complications (6). As a preferred
strategy, CCTA may be utilized for further risk stratifica-
tion and prudent patient selection for ICA, with overall
lowered costs and radiation exposure (20,21).
A commonly encountered clinical scenario is that of
asymptomatic patients with abnormal stress tests. Although
routine screening for asymptomatic CAD is not recom-
mended by clinical guidelines (22), patients with cardiac risk
factors often undergo stress testing, particularly before
surgery (23) or before beginning a vigorous exercise program
(21). Stress tests in this population have a very low reported
PPV, and such patients are often referred to ICA for
definitive diagnosis (24). Our data suggest that CCTA may
be an effective diagnostic choice in such patients to adjudi-
cate abnormal or equivocal stress test findings.
It is notable that asymptomatic patients in the present
study had a higher rate of obstructive CAD compared with
symptomatic patients. However, asymptomatic patients also
had higher frequencies of abnormal stress tests compared
with symptomatic patients, suggesting that this discrepancy
led referring physicians to choose CCTA for further eval-
uation. In asymptomatic subjects, CCTA has not been
demonstrated to be of value when used as a screening tool
(25). However, asymptomatic patients in this study differed
significantly from the low-to-intermediate risk, self-referred
subjects in the study by Choi et al. (25). Although the
appropriateness of upstream stress testing in such patients
remains questionable, our results suggest that the clinical
suspicion of the referring physicians was high enough to
warrant the downstream CCTA. An important additional
observation was the demonstration of nonobstructive CAD
(34%) and obstructive CAD (15%) in patients with normal
stress tests. These findings suggest that regardless of symp-
toms or type and results of stress tests, CCTA provides
incremental information that may aid in further risk strat-
raphyasive Angiography
city (%) PPV (%) NPV (%) False Positive (%) False Negative (%)
9.4 59.2 34.5 40.8 65.5
8.9 57.4 32.8 42.6 67.2
0.0 62.5 47.6 37.5 52.4
4.2 59.3 35.2 40.7 64.8
7.9 70.6 79.1 29.4 20.9
ardial perfusion imaging; NPV  negative predictive value; PPV  positive predictive value; SE ngiogd Inv
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In this large, statewide registry, current practice patterns
suggest that in patients with prior stress tests, CCTA is
being used appropriately, has high diagnostic accuracy, and
may aid in effective utilization of ICA in patients with
abnormal findings. In patients with low-to-intermediate
CAD risk needing adjudication of stress test results, CCTA
may be used to identify patients for whom ICA may provide
meaningful information as well as those for whom it may be
unnecessary, and serve to support a “gatekeeping” approach
to invasive testing.
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